Chronic inflammation is frequently associated with malignant growth and is thought to promote and enhance tumor progression, although the mechanisms which regulate this relationship remain elusive. We reported previously that interleukin (IL)-1B promoted tumor progression by enhancing the accumulation of myeloid-derived suppressor cells (MDSC), and hypothesized that inflammation leads to cancer through the production of MDSC which inhibit tumor immunity. If inflammation-induced MDSC promote tumor progression by blocking antitumor immunity, then a reduction in inflammation should reduce MDSC levels and delay tumor progression, whereas an increase in inflammation should increase MDSC levels and hasten tumor progression. We have tested this hypothesis using the 4T1 mammary carcinoma and IL-1 receptor (IL-1R)-deficient mice which have a reduced potential for inflammation, and IL-1R antagonist-deficient mice, which have an increased potential for inflammation. Consistent with our hypothesis, IL-1R-deficient mice have a delayed accumulation of MDSC and reduced primary and metastatic tumor progression. Accumulation of MDSC and tumor progression are partially restored by IL-6, indicating that IL-6 is a downstream mediator of the IL-1B-induced expansion of MDSC. In contrast, excessive inflammation in IL-1R antagonistdeficient mice promotes the accumulation of MDSC and produces MDSC with enhanced suppressive activity. These results show that immune suppression by MDSC and tumor growth are regulated by the inflammatory milieu and support the hypothesis that the induction of suppressor cells which downregulate tumor immunity is one of the mechanisms linking inflammation and cancer.
Introduction
Epidemiologic and experimental evidence supports the concept that chronic inflammation promotes the development and progression of cancers (1, 2) . Because inflammation is a complex process involving many effector cells and mediators, it is likely that inflammation facilitates tumor progression through multiple mechanisms. We have recently proposed that immune suppression may be one of these mechanisms, and have hypothesized that chronic inflammation causes immune suppression, which inhibits immune surveillance and/or tumor immunity thereby enhancing the proliferation of malignant cells (3, 4) . This hypothesis was based on findings that chronic inflammation, through the production of the proinflammatory cytokine, interleukin (IL)-1h, facilitated tumor progression and simultaneously elevated a population of suppressor cells called myeloid-derived suppressor cells (MDSC; refs. 3, 5) . MDSC are a heterogeneous mixture of immature myeloid cells that are potent inhibitors of antitumor immunity. They mediate their effects by inhibiting CD4 + and CD8 + T cell proliferation (6) (7) (8) (9) (10) , by blocking natural killer cell activation (11, 12) , by limiting dendritic cell maturation (13) , and by polarizing immunity towards a type 2 phenotype (14) . MDSC are found in many patients and experimental animals with cancer (3, 5-11, 13, 15-18) , and their induction, expansion, and retention are driven by factors produced by tumor cells and tumor stroma, including potent inflammatory mediators, such as prostaglandin E 2 (PGE 2 ; ref. 4) and IL-1h (3, 5) . If inflammation-induced MDSC are a significant factor linking inflammation and cancer, then down-regulating inflammation should reduce MDSC levels and delay tumor progression. We are testing this hypothesis by perturbing the IL-1h signaling pathway in tumor-bearing mice and thereby manipulating the extent of inflammation. The agonists IL-1h and IL-1a bind to the IL-1 receptor (IL-1R) to induce inflammation, whereas the IL-1R antagonist (IL-1Ra), attenuates inflammation by inhibiting signal transduction through the IL-1R (19) . The balance between IL-1h and IL-1Ra plays an important role in normal physiology, and a disruption of this balance may predispose to or enhance disease, as seen in chronic inflammatory bowel disease (20) . An imbalance between IL-1h and IL-1Ra may be due to either overproduction of IL-1h or a deficiency in IL-1Ra, both leading to increased inflammation, as mice deficient for the IL-1Ra show a propensity for spontaneous inflammation (21) . In contrast, deletion of the IL-1R reduces inflammation as shown by an increased susceptibility to infection with Listeria monocytogenes and the absence of IL-6, a downstream mediator of IL-1h (22) .
We now show that IL-1R-deficient mice with 4T1 mammary carcinoma tumors have a delayed accumulation of MDSC and slower growing tumors as compared with wild-type 4T1 tumorbearing mice. Conversely, MDSC in tumor-bearing mice deficient for the IL-1Ra accumulate more rapidly and are more potent suppressor cells. Because IL-6 is a key downstream mediator of the IL-1h-induced inflammation pathway, we also show that IL-6 restores the early accumulation of MDSC and facilitates tumor progression in IL-1R-deficient mice. These findings support the hypothesis that inflammation promotes malignant cell growth by inducing immune suppression, and show that decreased accumulation of MDSC is one of the mechanisms by which reducing inflammation delays tumor progression.
Materials and Methods
Mice. BALB/c mice were purchased from The Jackson Laboratory. TS1 and clone 4 mice on a BALB/c background and transgenic for T cell receptors reactive to influenza hemagglutinin peptides 110 to 119 restricted to I-E d (23) and peptides 518 to 526 restricted to K d (24, 25) /24 h of human IL-6 (4T1/IL-6) as quantified by ELISA. Cell lines. The 4T1 mammary carcinoma and 4T1/IL-1h cell lines were maintained as described (3, 28) . The 4T1/IL-6 transfectants were grown in the same medium as the parental cells supplemented with 400 Ag/mL of G418 (Sigma/Aldrich).
Reagents and antibodies. HA 110-119 and HA 518-526 peptides were synthesized in the Biopolymer Core Facility at the University of Maryland, Baltimore. Monoclonal antibodies Gr1-PE, CD11b-FITC, CD126-PE (IL-6R), rat IgG 2 a-PE isotype control, and rat IgG 2 a-FITC isotype control were from BD PharMingen. The arginase inhibitor, N w -hydroxy-nor-L-arginine (nor-NOHA), and the nitric oxide (NO) inhibitor, N G -monomethyl-L-arginine (L-NMMA) were from Calbiochem.
IL-6 ELISA and cytokine analysis. Supernatants from 5 Â 10 5 cells cultured in 3 mL of medium for 24 h were frozen at À80jC until assayed using a hIL-6 DuoSet ELISA kit according to the manufacturer's instructions (R&D Systems). Plates were read at 420 nm on a Bio-Tek 311 microplate reader and quantified using a standard curve. Data are the mean F SD of triplicate wells. Multiplex cytokine analysis for IFNg, IL-12p70, monocyte chemoattractant protein (MCP-1), IL-6, IL-1h, tumor necrosis factor a (TNFa), and transforming growth factor-h (TGFh) was done by the Cytokine Core Laboratory at University of Maryland, Baltimore.
Tumor inoculations, tumor tissue dissections, and metastasis assay. Tumor inoculations and tumor measurements were as described previously (3, 28) . Briefly, 6-to 10-week-old female BALB/c IL-1R À/À or IL-1Ra À/À mice were inoculated in the mammary fat pad with 7 Â 10 3 tumor cells in 50 AL of PBS. Mice were euthanized when moribund or at the indicated time points. For tumor tissue dissections, primary tumors were surgically removed when tumors were 8 to 10 mm in diameter. The tumor tissue was minced with scissors and teased apart, incubated at 37jC in DMEM for 24 h, and supernatants were collected for cytokine analysis. For metastasis assays, lungs were harvested at the indicated times and metastatic disease was quantified using the clonogenic assay by plating cells in 6-thioguaninesupplemented media (28) .
Blood MDSC. Blood Gr1 + CD11b + MDSC were obtained as previously described (4 
CD11b
+ and were used in the subsequent assays.
T cell proliferation assays. The CD8 + and CD4 + T cell proliferation assays were done as described (6) . Briefly, TS1 or clone 4 splenocytes were cocultured with their respective hemagglutinin peptides and irradiated blood MDSC from BALB/c, IL-1R Flow cytometry. Cells were labeled for direct immunofluorescence as described (28) and analyzed on an Epics XL flow cytometer using Expo32 ADC software (Beckman Coulter).
Bone marrow chimeras. IL-1R À/À mice containing BALB/c bone marrow (BALB/c ! IL-1R À/À ) and BALB/c mice containing IL-1R À/À bone marrow (IL-1R À/À ! BALB/c) were constructed as described (29) . Briefly, femurs of donor mice were flushed with PBS using a 30 mL syringe fitted with a 27-gauge needle. Bone marrow cells were washed twice with PBS and resuspended in RPMI at 200 AL per donor mouse. Recipient mice were lethally irradiated at 850 rad and bone marrow (one donor for two recipients) was inoculated into recipient mice through the tail vein using a 1-mL syringe fitted with a 27-gauge needle. Reconstituted mice received daily injections of gentamicin sulfate i.p. (100 AL of 5 mg/mL) for 7 days beginning 1 day before bone marrow reconstitution. Reconstituted mice were maintained on 0.02% tetracycline drinking water starting 1 week before bone marrow transfer and continuing for 6 to 8 weeks after reconstitution. Six to 8 weeks after bone marrow reconstitution, chimeras were bled from the tail vein, and tested by PCR to ascertain hemopoietic genotype and reconstitution. PCR primers IL-1R-s 5 ¶-ATTCTCCAT-CATCTCTGCTGGTA and IL-1R-as 5 ¶-ATCTCAGTTGTCAAGTGTGTCCC were used to detect the f350 bp amplicon of the IL-1R gene, present only in wild-type BALB/c mice. PCR primers Neo-s 5 ¶-TGAATGAACTG-CAGGACGAGGCA and Neo-as 5 ¶-TCAGCCCATTCGCC GCCAAGCTC were used to detect the 543 bp amplicon of the neomycin insertion gene, present only in the IL-1R À/À mice. PCR annealing temperatures were 56jC and 63jC, respectively, for 30 cycles. Statistical analyses. Student's two-tailed t test for unequal variance was done using Microsoft Excel 2003. For Figs. 2 and 6A, differences in tumor diameter in the inoculated mice were tested using a repeated measures profile ANOVA (30, 31) using the procedure in SAS V 9.1 (SAS Institute, Inc.).
Results

Tumor-associated inflammation is reduced in IL-1R
À/À mice. Tumor progression is often accompanied by the presence of inflammation (2) . To establish if inflammation accompanies the growth of 4T1 mammary carcinomas, we examined the production of inflammatory cytokines that are hallmarks of inflammatory responses (1, 2) . BALB/c mice were inoculated in the abdominal mammary gland with 4T1 tumor cells, primary tumors were removed when tumors reached 8 to 10 mm in diameter, and the presence of inflammatory cytokines in dissociated 4T1 tumor tissue was compared with normal mammary tissue by multiplex analysis (Fig. 1A) . Canonical proinflammatory cytokines, such as IL-6, MCP-1, TGFh, and IL-1h were significantly elevated in 4T1 tumor tissue. The presence of other cytokines associated with inflammation, such as IFNg and IL-12p70, typically secreted by activated T cells and macrophages, respectively, were also significantly higher in 4T1 tumor tissue. These results show that the growth of 4T1 primary tumor is associated with an inflammatory microenvironment.
Because IL-1h and several cytokines induced by IL-1h were significantly elevated in 4T1 tumor tissue, we questioned whether a deficiency in the IL-1R would limit tumor-associated inflammation. BALB/c and BALB/c IL-1R À/À mice were inoculated with 4T1 cells, and tumors were removed when they were 8 to 10 mm in diameter and analyzed by multiplex analysis for proinflammatory cytokines ( inoculated with 4T1 cells on day 0 and tumor growth was followed. For both groups, tumors were palpable by day 10, and tumor diameters were measured at the indicated time points (Fig. 2A) . The time of tumor onset did not differ between BALB/c and IL-1R À/À mice; however, tumor progression was significantly delayed in IL-1R À/À mice as compared with BALB/c mice (P < 0.05). These data show that the absence of IL-1 signaling and a reduction in inflammation in the tumor environment reduce the growth of 4T1 primary tumors. 4T1 tumor progression does not require the IL-1Ra. IL-1Ra dampens IL-1h signaling by competing with IL-1h for the IL-1R. Its presence therefore reduces the ensuing inflammatory response, and its absence enhances inflammation (18) . Because both the receptor agonist (IL-1h) and the receptor antagonist (IL-1Ra) signal through the IL-1R, the decrease in tumor growth rate in IL-1R À/À mice could be due to the absence of either IL-1h or IL-1Ra. To determine which ligand is responsible, BALB/c and IL-1Ra À/À BALB/c mice were inoculated with 4T1 on day 0 and tumor diameters were measured at the indicated time points (Fig. 2B) . No difference in tumor onset or rate of tumor progression was observed between BALB/c and IL-1Ra À/À mice. Therefore, loss of the IL-1Ra does not alter tumor growth, indicating that reduced tumor growth in IL-1R À/À mice is due to the absence of IL-1h.
IL-1 nonresponsiveness in either hemopoietic or nonhemopoietic cells is sufficient for delayed tumor progression. IL-1h mediates its effects on a variety of cells. To determine if its ability to promote tumor growth involves hemopoietic and/or nonhemopoietic cells, bone marrow chimeras were created. IL-1R 
IL-1R
À/À mice have reduced numbers of lung metastases.
Because loss of the IL-1R slows tumor progression, we examined whether the absence of the IL-1R also reduces the development of lung metastases. BALB/c and IL-1R À/À mice were inoculated on day 0 with 4T1 tumor cells and mice were sacrificed on days 39 to 40 when the BALB/c mice were moribund. Lungs were harvested and the number of lung metastases was quantified using the clonogenic assay (28) . Lung metastases were significantly reduced (P < 0.05) in IL-1R À/À mice as compared with BALB/c mice (Fig. 3) , indicating that the absence of IL-1 signaling limits metastatic dissemination to the lungs. Therefore, reduced inflammation in the tumor microenvironment is associated with diminished metastatic potential. The experiment in Fig. 2B showed that delayed tumor progression in IL-1R À/À mice was due to a deficiency in signaling by IL-1h rather than signaling by IL-1Ra. To determine whether the reduction in lung metastases in the IL-1R À/À mice was also due to the absence of signaling by IL-1h, BALB/c and IL-1Ra À/À mice were inoculated on day 0 with 4T1 tumor cells and the number of lung metastases was determined on days 39 to 40. No differences in the number of lung metastases were observed between BALB/c and IL1Ra À/À mice (Fig. 3) , indicating that the decrease in lung metastasis in IL-1R À/À mice was due to loss of IL-1h and not IL-1Ra signaling.
Because IL-1h mediates tumor progression through both hemopoietic and nonhemopoietic cells (Fig. 2C) , we examined which cellular compartment regulates the effects of IL-1h on the development of lung metastases. IL-1R À/À ! BALB/c and BALB/c ! IL-1R À/À chimeras were inoculated with 4T1 tumor cells on day 0 and the lungs were harvested on days 39 to 40. Lung metastases were significantly reduced in the IL-1R À/À group compared with the BALB/c group; however, neither chimera group had significantly fewer lung metastases compared with BALB/c mice (data not shown). Therefore, both hemopoietic and nonhemopoietic cells respond to IL-1h to promote metastatic disease.
Inhibition of IL-1 signaling delays MDSC accumulation. We (3) and others (5) have previously shown that immune suppression driven by MDSC is accentuated by IL-1h-induced inflammation. To determine if the elimination of signaling through IL-1h blocks MDSC accumulation, we examined the levels of MDSC in IL-1R À/À , wild-type BALB/c, and IL-1Ra À/À mice following inoculation with either 4T1 or 4T1/IL-1h tumor cells. Mice were inoculated on day 0 and the percentage of CD11b + Gr1 + MDSC in the blood was measured at various time points by flow cytometry (Fig. 4) . MDSC levels in BALB/c mice with 4T1/IL-1h tumors and in IL-1Ra (Fig. 5B) . MDSC from 4T1-inoculated BALB/c and IL-Radeficient mice were also tested for suppressive activity against CD8 + T cells using splenocytes from clone 4 mice and their respective hemagglutinin peptide (Fig. 5C ). Similar to the results with CD4 + T cells, MDSC from IL-1Ra À/À mice were more suppressive on a per cell basis than MDSC from BALB/c mice (P < 0.05). To determine if MDSC from IL-1Ra-deficient mice were suppressed by the same arginase-dependent mechanism as MDSC derived from BALB/c mice (3, 6) , an inhibitor of arginase (nor-NOHA) or nitric oxide (L-NMMA) was added to the TS1 or clone 4 cultures ( Fig. 5B and C) . MDSC from BALB/c and IL-1Ra À/À mice suppressed CD4 + and CD8 + T cells through an arginase-dependent mechanism, as the addition of the arginase inhibitor, but not the NO inhibitor, reversed MDSC-mediated suppression. Therefore, elimination of the IL-1Ra induced MDSC that are more potent suppressors but use the same suppressive mechanism as MDSC induced by wild-type mice.
IL-6 compensates for the loss of the IL-1R in primary tumor growth. The reduction in tumor growth observed in IL-1R À/À mice may be due to the loss of the direct effects of IL-1h or may be due to the loss of a downstream product of the IL-1 signaling pathway. A potential downstream candidate is the proinflammatory cytokine, IL-6, the production of which is reduced in IL-1R
À/À tumor tissue (Fig. 1B) . To examine whether IL-6 is involved in IL-1-mediated tumor progression, 4T1 tumor cells were stably transfected with a construct containing the human IL-6 gene to generate 4T1/IL-6 cells. Because murine cells are responsive to human IL-6 (32), the human IL-6 gene was used to differentiate between IL-6 secreted by the 4T1/IL-6 cells and endogenous murine IL-6 present in the serum and tumor environment. 4T1/IL-6 cells have the same in vivo growth rate as 4T1 cells, so human IL-6 does not serve as an alloantigen (Fig. 6A) . If IL-6 is a downstream mediator by which , and IL-1Ra À/À mice were inoculated with 7,000 4T1 tumor cells in the abdominal mammary gland, and tail-bled to test for CD11b +
Gr1
+ MDSC. When MDSC were >90% of the WBCs, mice were sacrificed, blood was collected and RBCs were lysed. The resulting MDSC were used in T cell proliferation assays. CD4 + TS1 or CD8 + clone 4 transgenic splenocytes were stimulated with HA 110-119 or HA 518-526 peptides, respectively, and cocultured in the presence or absence of graded doses of blood MDSC. Inhibitors of arginase (nor-NOHA) or nitric oxide (L-NMMA) were added to some of the wells. T cell proliferation was measured as counts per minute of [ tumors were stained for the IL-6R and analyzed by flow cytometry (Fig. 6D) . MDSC uniformly express the IL-6R whether they are derived from BALB/c or IL-1R À/À mice or induced by 4T1 or 4T1/ IL-1h tumor cells. Therefore, MDSC have the capability to directly respond to IL-6.
Discussion
Although the concept is widely accepted, the pathways by which inflammation lead to tumor progression remain elusive. We have proposed that one of the contributing mechanisms may be the induction of MDSC, which limit antitumor immunity and thereby promote tumor growth (3, 4) . This hypothesis was based on studies in which inflammation was exacerbated by increasing proinflammatory mediators. Although these studies showed a strong correlation, they did not eliminate the possibility that immune suppression simply accompanies inflammation, rather than being caused by inflammation. Using two very different experimental approaches to alter the inflammatory milieu, we now report that reducing inflammation by blocking signaling through the IL-1R, or increasing inflammation through loss of the IL-1Ra, alters the accumulation of MDSC and tumor progression in agreement with the concept that inflammation promotes tumor progression by activating immunosuppressive networks.
Interestingly, the increase in MDSC is dramatic during early tumor growth, and diminishes at later stages, indicating that the effect of inflammation on MDSC accumulation is an early event in tumor progression. Because many of the factors that produce MDSC are also secreted by tumor cells [e.g., IL-6, IL-10, vascular endothelial growth factor (VEGF); refs. 1, 2, 33] the bolus induction of MDSC by inflammation may only be detectable at the early stages because as tumors increase in mass, they are producing proportionately more MDSC induction factors which override the local inflammatory environment. Alternatively, the effects of inflammation may only be detectable early because MDSC levels reach their maximum at later stages and there is no ''space'' for additional MDSC in the blood or spleen. Indeed, many of the agents known to induce MDSC are associated with and/or are induced by inflammation, suggesting that the inflammatory environment of progressively growing tumors promotes MDSC accumulation through multiple effector molecules. For example, VEGF, an essential molecule for neoangiogenesis, is induced by inflammation (1) and is correlated with the presence of MDSC in the peripheral blood (34, 35) . Likewise, IL-6 (33, 36, 37), another proinflammatory mediator, and PGE 2 (4, 38), a product of inflammation, induce MDSC accumulation. MDSC may also enhance inflammation as their production of VEGF, IL-10, and reactive oxygen species, which mediate their suppressive function, may contribute to the inflammatory milieu (14, 33, 35) . Whether there are MDSC that are induced by inflammation-independent factors, or whether the extent of inflammation governs the quality and quantity of MDSC is unclear. The studies reported here using the IL-1Ra knockout mice and earlier studies using IL-1h-secreting tumor cells (3) show that heightened inflammation induces more MDSC with more suppressive activity. These observations do not necessarily indicate that inflammation induces a novel population of MDSC, because the tumor microenvironment itself is an inflammatory microenvironment and the added inflammation could simply be an amplification effect. However, the quantity and quality of MDSC may be differentially regulated because excessive inflammation, through tumor cell production of IL-1h or loss of the IL-1Ra, increases both the quantity and the suppressive activity of MDSC, whereas a reduction in inflammation, as seen in the IL-1R À/À mice, only affects MDSC quantity.
Further complicating this issue is the observation that MDSC are not a homogeneous population of cells, but are a heterogeneous mixture of immature myeloid cells. Indeed, inflammation and noninflammatory mediators may affect subpopulations of MDSC differently.
As shown in previous studies, IL-1h induces the expansion of MDSC indirectly because MDSC do not have the IL-1R (3). This earlier observation led us to examine other potential downstream mediators of IL-1h for their effects on the accumulation of MDSC. IL-6 was a prime candidate because it has previously been implicated in the accumulation of MDSC (33) , and because hyperactivation of its transcription factor, signal transducers and activators of transcription 3, promotes abnormal differentiation of dendritic cells (37) . Our finding that MDSC express the IL-6R and that tumor-secreted IL-6 at least partially restores MDSC accumulation and enhanced tumor progression in IL-1R-deficient mice, confirms that IL-6 is likely to be a relevant IL-1h downstream mediator. Although tumor-secreted IL-6 increases tumor growth and MDSC levels in IL-1R À/À mice, it does not fully restore enhanced tumor growth or MDSC accumulation to that seen in wild-type mice with 4T1/IL-1h tumors. There are several possibilities for this apparent discrepancy. The quantity of IL-6 produced by the transfectants may not be equivalent to the in vivo amount of IL-6 induced by the IL-1h transductants. Alternatively, IL-6 might be only one of several downstream mediators induced by IL-1h, and maximal induction of MDSC and tumor growth may require additive or synergistic action with other downstream mediators. Previous studies showed that PGE 2 also induces the accumulation of MDSC and hastens tumor progression (4). Because PGE 2 is also induced by IL-1h (19) , it may be another downstream mediator that acts in conjunction with IL-6. Novel immune-based therapies for the treatment of cancer are currently under development. Many of these approaches involve active immunization and are likely to be most effective in immunocompetent tumor-bearing individuals who are minimally immunosuppressed. Given the causal relationship between inflammation and the induction of MDSC, adjunctive therapies that reduce inflammation prior to immunotherapy, might significantly enhance the efficacy of any active immunotherapy.
